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Abstract

Development of and Measurements Using a Point Doppler Velocimetry (PDV) System

David L. Webb

A two component Point Doppler Velocimetry (PDV) system has been developed

and tested. Improvements were made to an earlier PDV system, in terms of experimental

techniques, as well as the data acquisition and reduction software.

Measurements of the streamwise and spanwise mean and fluctuating velocities for

flows from a rectangular channel and over an NACA 0012 airfoil were made, and the

data were compared against hot wire data. The closest to the airfoil surface that PDV

measurements could be made was on the order of 0.005 m (0.2", z/c = 0.0169).

When the PDV and hot wire data were compared, the time traces for each

appeared similar. The mean velocities agreed to within +2 m/sec, while the RMS

velocities agreed to +0.4 m/sec. While the PDV time autocorrelations agreed with those

of the hot wire data, the PDV power spectral densities were noisier above 750 Hz.

A major source of error in these experiments was determined to be the drifting of

the iodine cell stem temperatures. While the stem temperatures were controlled to within

+0.1 °C, this could lead to a frequency shift of as much as 6 MHz, which translates into

an error of 1.6 m/sec for the back scatter channel, and up to 6.9 m/sec for the forward

scatter channel. These error estimates are consistent with the observed error magnitudes.
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Chapter 1: Introduction

Sincethebeginningsof aeronautics, it has been necessary to measure the

properties of a flowing fluid, such as air. Only by measuring these properties can

calculations and models for the fluid flow be developed and improved. There are two

main classifications for these measurements: intrusive and non-intrusive.

As the name implies, an intrusive measurement involves placing something in the

flow, such as a pitot probe, a hot wire probe, or a pressure or temperature probe, to

measure the flow. This of course disturbs the flow downstream of the intrusion, and can

also produce disturbances upstream, such as a bow shock in front of a pitot probe in high-

speed flows.

Perhaps the simplest way of measuring the velocity of a flow is with the use of a

pitot or pitot-static tube. This probe can be connected to a manometer in order to measure

the pressure difference between the stagnation and static pressure taps, although the

response time for this method is very slow and typically only used in constant velocity

flows. A pitot-static tube can also be connected to a pressure scanner, which can provide

much higher scan rates of the pressure, which is useful in flows where the velocity

changes.

Another intrusive method of measuring flow is with the use of a constant

temperature hot-wire anemometer. In this method, a very thin wire of an electrically

conductive metal is placed in the flow. An electrical current is then passed through this

wire, which acts as a resistor in a Wheatstone bridge. A feedback amplifier is used to

sense cooling of the wire by the flow, thus changing its resistance and causing an

imbalance in the Wheatstone bridge. This imbalance is corrected by increasing the



voltageappliedto thebridge.Thehighervoltagereheatsthewire sothatits resistanceand

temperatureremainaconstant.Velocity calculationscanthenbemadefrom the

additionalvoltageappliedto thewire.This methodof measurementtendsto bevery

responsiveto changesin theflow, andcanbeusedto measureturbulencelevelsin the

flow. However,asstatedearlier,this is an intrusivemeasurement,andcaremustbe taken

not to breakthewire, asit isvery fragile,andcanbeexpensiveto repair or replace.

Additionally, a hot wire can not tell if the flow is moving in a positive or negative

direction relative to itself.

An established non-intrusive measurement technique is laser Doppler

anemometry, or LDA, or more properly, laser velocimetry (LV). In this measurement

technique, two laser beams are focused to intersect at a point within the flow. A seeding

material is also introduced into the flow upstream of the measurement area. The seed

material has limitations of its own, as the particles must be small enough to accurately

follow the flow. The light scattered from these seed particles is then measured. For

conventional fringe LV systems, this scattered light displays a periodic variation of high

to low intensity, which is due to the particles passing through the interference fringes in

the probe volume. Velocity is obtained from the frequency of this oscillating light

intensity. Unlike hot wire anemometry, LV can determine if the flow is positive or

negative along an axis by means of a Bragg cell. A Bragg cell is an acousto-optical cell

which is used to "add" a frequency shift as a known offset so that both positive and

negative velocity directions are seen as positive shifts. Because of this, LV can be used in

reversing flows.
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Thefocusof this researchwastherefinementof apoint Dopplervelocimetry

(PDV)system,which is alsoanon-intrusive,laser-basedvelocity measurementsystem.

In aPDV system,a laserbeamispassedthrougha seededflow, which scattersthe laser

light.Thescatteredlaserlight is thencollectedfrom apoint in theflow, anddirectedata

beamsplitter.Partof the light is focusedon aphotodetector,while therestispassed

throughacell filled with iodinevapor,andthenis collectedby adifferentphotodetector.

Theiodinevaporabsorbssomeof thescatteredlaserlight, wheretheamountof light

absorbedvariesasthefrequencyof thescatteredlight varies(Figure1.1).By comparing

thelight intensitiesof thetwo photodetectors,theDopplershift, andthusflow velocity,

canbedetermined.ThebasicDopplervelocity equationis

Af =f° (d-i).V Eq. 1.1
c

where Afis the Doppler frequency shifl, fo is the laser frequency, c is the speed of light,

d is a unit vector between the flow and the receiving optics, 1 is a unit vector along the

laser propagation direction, and V is the particle velocity vector. From this equation and

Figure 1.1, it can be seen that Af is proportional to the component of Q along the

d - l" direction.

While LV and PDV may seem similar, there are many differences. For one, PDV

is a simpler setup because only one laser beam is used, instead of two laser beams which

much be aligned to intersect in the portion of the flow where the measurements are to be

made. Also, LV requires low seeding levels, whereas PDV requires higher seeding levels,

which reduces laser speckle, as well as producing a more continuous signal.

3



Thegoalsof this projectwereto determinetheaccuracyof thePDV techniquefor

turbulencemeasurements,andto determinehow closeto a"wall", in this caseanairfoil

surface,measurementscouldbemade.
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Chapter 2: Previous Work in Absorption Cell Doppler Velocimetry

The summary below reviews both point Doppler velocimetry (PDV) and Doppler

global velocimetry (DGV) papers. They are organized by institution when a significant

number of papers have been published by researchers at that institution. Other papers are

included at the end of this chapter.

2.1 Initial Work

Almost every PDV and DGV researcher uses iodine vapor confined in an optical

cell as an absorption line filter to measure the Doppler shift of light scattered from a

seeded flow. A study of the absorption spectrum of iodine was presented in

Tellinghuisen (1982).

A patent on the basic PDV/DGV concept was obtained by Komine (1990). This

patent covers a velocity measurement system using a laser light sheet to illuminate a flow

seeded with small particles. An optical system and frequency-to-intensity converter are

then used to measure the Doppler shift of the scattered laser light. The flow images can

then be viewed directly, or processed with a computer.

2.2 NASA Langley and NASA Ames Research Centers

A large amount of work in DGV has been carried out at NASA Langley, most of

it with the involvement of Mr. James F. Meyers. In Meyers and Komine (1991), a one-

component DGV system is described. A description is also given of measurements on a

rotating wheel and a small jet flow in a laboratory, as well as the vortical velocity field

above a delta wing.
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In Meyers,et al. (1991),two signalprocessingschemesfor DGV arepresented.

Oneis areal-timeanalogmethodusingamonochromaticframegrabberandproducinga

standardNTSCvideosignal.Theotherisa digital approachthatusesthefull resolution

of theacquisitioncameras,andallowsfor greaterimagecorrectionoptionsin post-

processing.Resultsfor eachmethodovera deltawing in awind tunnelarealsopresented.

Thegreatercapabilitiesof thedigital processingschememadeit superiorto theanalog

processingscheme.Meyers(1992)comparestheresultsof theprevioustwo paperswith

resultsobtainedwith athreecomponentlaservelocimeter.

This systemwas laterexpandedto threecomponentsandtestedonthejet flow

fromaHigh SpeedCivil Transport(HSCT)enginemodel (Meyers,1995).At this stage

in its development,theNASA LangleythreecomponentDGV systemhadaspatial

resolutionof 1.25mm, andstatedvelocityuncertaintiesof approximately+2 m/sec

independent of mean velocity. Meyers (1996) described how to correct for errors due to

optical distortions, electronic noise, and camera misalignment. Meyers, et al. (1991) and

Meyers (1996) have made significant contributions to identifying error sources, as well as

developing image processing techniques to reduce these errors.

A description of the problems encountered in hardening the NASA Langley three

component DGV system for wind tunnel applications can be found in

Meyers, et al. (1998). This hardening involved switching from an argon-ion laser to a

pulsed Nd:YAG laser. One problem caused by this change in setup was that the software

written to remove laser speckle could not adequately handle the speckle caused by the

Nd:YAG laser. Other problems were also encountered in maintaining a stable, single

6



frequencylaseroutput due to the extreme temperature fluctuations within the wind

tunnel.

Also at NASA Langley, Michael W. Smith has developed and tested a single

channel DGV system utilizing a pulsed Nd:YAG laser. In Smith and Northam (1995),

only a single camera and lens were used to make measurements due to the presence of an

image splitter/recombiner system. Measurements were made on a pressure-matched sonic

jet, as well as an overexpanded supersonic jet with a design Mach number of 1.9. These

experiments were able to detect the average shock diamond structure and shear layer

growth. Noise due to speckle was found to be the largest source of error in the

experiments. These results are again presented, and compared against computational fluid

dynamics (CFD) solutions in Smith, et al. (1996).

The above system was also utilized to study a high Reynolds number

compressible jet in the Small Anechoic Jet Facility (SAJF) at NASA Langley

(Smith, 1998). The conditions for these experiments were a Mach number of 0.85 at

ambient pressure, which yielded a Reynolds number of approximately 650,000 based on

diameter. Because laser speckle had been such an issue in the previous experiments,

system components were selected in order to minimize speckle noise. Also, velocity

errors due to laser drift were reduced by the use of a laser frequency monitoring leg.

Mean and RMS velocity images were presented, as well as instantaneous velocity images

for various flow seeding conditions.

Additional DGV research has been conducted at NASA Ames under R.

McKenzie, mainly into low-speed flows. As with Smith, McKenzie utilizes a pulsed

Nd:YAG laser, as well as a split image system. In McKenzie (1995), the limitations on



theDGV systemdueto theCCDcameraswereevaluated,andananalysisof the

scatteringpropertiesof differentaerosolswasgiven.Measurementsweremadeon a

rotatingwheelwith asurfacespeedbetween5 and56rn/sec.For all speedsabove

10m/sec,anRMS errorof+2.5 m/secwasobserved.Theresultsalsopredictthaterrors

aslow as2 rn/secshouldbeobtainablein flowswith velocitiesup to at least20m/sec.

In McKenzie(Jan.1997),thisresearchis continuedby developinganuncertainty

modelbasedon laserlight scattering,radiometricnoise,anduncertaintiesintroducedby

theimageprocessing.Additionally,measurementsmadein a low-speed,turbulent flow

arecomparedagainstmeasurementsmadewith animpactpressureprobe,with good

agreement.Thesemethodscanalsobeappliedto large-scalewind tunnels,asdescribedin

McKenzie(Sep.1997).

2.3OhioStateUniversity

MuchDGV researchhasbeencarriedout atOhio StateUniversity.Investigation

of compressiblemixing layershasbeencarriedout,asdescribedin Elliot, et al. (1992).

As with mostotherDGV researchers,apulsedNd:YAG laserwasused.Two caseswere

studied,a lowercompressibilitycase(Mach-- 0.51),andahighercompressibilitycase,

(Mach= 0.86).For the lowerMachnumber,roller-typespanwisestructureswere

observed,aswell asstreamwisestreaks.ThestructuresobservedatthehigherMach

numberswere"morethreedimensionalandoblique"(Elliot, et al., 1992,pg.2569).In

laterexperiments(Elliot, et al., 1994),pressurebroadeningwasusedto optimizethe

absorptionprofile of afilter for theexperimentalflowfield andopticalarrangement.This

researchalsoshowedthatwhensignificantbackgroundlight waspresent,asecondfilter



couldbeaddedto thesystemin order to exclude this extraneous signal from reaching the

signal camera. An error analysis was also performed on the results which showed that the

error for the current measurements was approximately +8% of full scale.

Improvements were later made to this DGV configuration (Clancy, et al, 1996).

These improvements included using a split image system and laser frequency monitoring,

with good results. Experiments were then made in an ideally expanded Mach 2

axisymmetric jet, and compared against Laser Doppler Velocimetry (LDV)

measurements. The results agreed fairly well, but demonstrated that the DGV system

required further refinements. Clancy and Samimy (1997) documented the procedures

used to obtain quality data in the flow described above, as well as demonstrated the

importance of the calibration of the splitter/recombiner system. This paper also presented

RMS uncertainty results of approximately +25 m/sec, and a mean velocity component

that is within 6% of the velocity of the jet core.

This research was then expanded from two-dimensional to three-dimensional

measurements in the same Mach 2 flow (Clancy, et al, 1998). Both the instantaneous and

mean velocity measurements agreed well with LDV measurements made in the same

flow. Improvements to the splitter/recombiner system and methods to remove laser

speckle noise were also described. An overview of various DGV techniques, with an

emphasis on high speed flows, were summarized in Samimy (1998). This paper included

the results of the previous Ohio State experiments as well as results for a supersonic jet.



2.4PrincetonUniversity

Thefocusof the research at Princeton University has been on Filtered Rayleigh

Scattering (FRS). In Miles, et al. (1991), measurements were made on nitrogen molecules

and other particles in a Mach 2.5 flow. The measured flow velocity was accurate to

within +_20%. A theoretical analysis was also performed which indicated that

measurements with an accuracy of better than 1% were possible. In Forkey, et al. (1995)

and Forkey, et al. (1996), a theoretical FRS model including model parameters and

uncertainties was described. Experimental velocity results for both ambient air and a

Mach 2 free jet were presented, as well as preliminary results for temperature and

pressure data. The errors in the experimental velocity results were greater than the

+_4 m/sec and +_5m/sec predicted in the theoretical model, at about 20 m/sec. This was

blamed on a laser frequency "chirp" across the laser beam, which has not been observed

by other researchers.

Lempert, et al. (1997) describes measurements made in the turbulent boundary

layer over a zero pressure gradient fiat plate in a Mach 8 flow. Additionally, a framing

CCD camera was paired with a Titanium:Sapphire pulsed laser in order to capture

"movies" of a turbulent Mach 2.5 flow over a 140 wedge. This system allowed the

acquisition of FRS images at rates up to one MHz.

2.5 West Virginia University

At West Virginia University, Doppler Velocimetry work was begun with

Ramanath, 1997. This research consisted mainly of the development of a three-

dimensional linear positioning system for the flows to be measured. This was done

10



becausethecomplexityof thissystemwaslessthanthat of developinga systemto move

the measurement DGV or PDV optical systems. A continuous-wave (cw) argon-ion laser

was used to illuminate the flow, and four photodetectors were used to measure the

scattered light. Preliminary PDV data was also obtained, although these experiments

produced inaccurate results, due to an inadequate method of calibration of the iodine

cells.

This research was continued by James (1997). In this work, measurements were

made both of a rotating wheel, and of a flow exiting from a 3.81 cm (1.5") diameter

copper pipe. The calibration method was improved for these experiments by acquiring

multiple calibration curves, and then "sliding" them along the frequency axis so that the

curves overlaid one another. These curves were subsequently averaged, and then curve-

fit, to obtain a more accurate calibration curve. For the rotating wheel, sensitivity errors

of less than +2% were obtained, and the linearity of the data was approximately

+0.6 rn/sec, or about 1% of full scale. Data for the pipe was obtained at the pipe exit, as

well as 7.62 cm (Y') and 15.24 cm (6") downstream of the pipe exit. The mean velocity

profiles observed showed good shape agreement with pitot static probe measurements.

Additionally, turbulence quantities were calculated and compared against hot wire

measurements, also with good agreement. The above two papers are also summarized in

Kuhlman, et al. (1997).

A later effort was made at developing, and accuracy studies of, a two-component

DGV system (Naylor and Kuhlman, 1998). This system used a cw argon-ion laser, iodine

vapor cells acting as discriminating filters, and a frame grabber in conjunction with four

8-bit CCD cameras for image acquisition. Initial measurements were made on the surface
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of a rotating wheel. RMS noise levels on the order of+l m/sec were observed, as well as

velocity range errors of+l-2 m/sec. However, a zero velocity offset as large as -20 m/sec

of unknown source was also seen. Similar zero velocity offset errors had been observed

by James (1997).

Results obtained with the above DGV system for a rotating wheel, a fully-

developed pipe flow, and a free jet were presented in Naylor (1998) and Naylor and

Kuhlman (1999). A reference tab was placed in the field of view of the cameras for the

pipe and jet measurements in order to provide a zero velocity signal in an attempt to

eliminate the zero velocity offset. The results of the wheel measurements were the same

as those given in the previous paper. For the pipe and jet flows, the DGV data agreed

with pitot-static probe measurements to within about 2-4 m/sec.

PDV measurements over the surface of an NACA 0012 airfoil have also been

made, as described in a preliminary version of this thesis (Kuhlman and Webb, 1999).

These measurements were made both along the chord of the airfoil, as well as at a fixed

chord position and varying distances from the airfoil surface. These measurements are

also compared against single component hot wire data obtained at similar locations. The

time series of the streamwise velocities for these two measurement techniques appeared

similar. The mean and RMS velocities agreed to within approximately +3 m/sec and

+0.5 m/sec, respectively.

2.6 Other Work

In Komine, et al. (1991), two different DGV methods are described. One uses a

cw laser, and images of the flow are captured over an entire camera frame, typically 1/30 th
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of asecond.Becauseof this relatively long time frame, this method is only applicable to

flows which have small variations over a given time frame. The second DGV method

uses a pulsed laser with a pulse length of 1 ps to effectively take a "snapshot" of the flow.

Thus, this method can be applied to rapidly changing flows. Results were also presented

for measurements on a free-expansion jet at near sonic velocities for both DGV methods.

For the cw laser, the results for the streamwise and spanwise velocities were consistent

with expected velocities. However, instead of zero radial velocities, velocities of

+50 m/sec were also observed. It was speculated this was due to a rotary motion about the

jet axis. The pulsed laser data did not display the relatively smooth velocity variations

across the flow that was observed with the cw laser. It was theorized that the flow was

somewhat irregular, as the pulsed laser data showed, while the cw laser presented time

averaged data about the flow. This system was later expanded to three components, and

used to demonstrate the ability of the system to make instantaneous velocity

measurements in unsteady flows.

Elliot, et al. (1997) have made measurements on both circular and elliptical sonic

jets injected transversely into a near Mach 2 flow. As with most other researchers, a

pulsed Nd:YAG laser was used. Measurements were made of the streamwise velocities

and turbulence intensities both upstream and downstream of the jet injections. The

researchers were able to "see" the separation shock, bow shock, and the mixing layer of

the jet. The shear layer of the elliptical jet displayed a faster spanwise spreading, while a

greater turbulence intensity was also observed. The elliptical jet also did not penetrate the

main flow as deeply as the circular jet.
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Beutner,etal. (1998)describesmeasurementsmadeon a flow typically produced

by vortex-tail interactions, such as those observed on twin-tail fighter aircraft. These

experiments were carried out using a pulsed Nd:YAG laser and two 16-bit CCD cameras

with a resolution of 512 X 512 pixels and a shutter speed of 60 ms. Tests were conducted

on a delta wing model with and without tails at 23 ° angle of attack in a Mach 0.2 flow,

and many details of the flow were clearly visible. A discussion of the difficulties

encountered in using DGV in large-scale wind tunnels is also presented. A later paper

(Beutner, et al., 1999) presents results for a rotating wheel, an empty wind tunnel, and a

wing model in this wind tunnel. Additionally, system accuracy and example DGV

applications are discussed.

An early PDV system is described by Hoffenberg and Sullivan (1993). This

experiment used a cw argon-ion laser, whose beam was focused down to a diameter of

0.25 mm by a lens of focal length 300 mm. An iodine cell was used as a filter to measure

the Doppler shift of the experimental flow. The researchers found that velocity and

turbulence measurements could be made at a point, and that the results showed good

agreement with LDV data. Errors due to laser frequency drift, detector alignment, probe

volume, and particle concentrations were also discussed.

A variation on the typical PDV setup was described by Crafton, et al., (1998). In

this setup, a Distributed Brag Reflector (DBR) diode laser was paired with a Cesium

vapor Faraday cell. This Cesium cell holds the promise of a finer resolution than that

which is possible with Iodine cells, which in turn could make them more applicable to

low-speed flows. Measurements were made on a disk spinning between 0 and 11 m/see,
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with theresultsshowinganRMSof lessthan0.05m/sec.Resultswerealsopresentedfor

a 1.27cm (1/2")jet with avelocityof 6.9rn/sec.ThePDV systemgaveresultsof

7.4m/sec,adifferenceof 0.5rrdsec,or about8%.

Reeder(1996)describesDGV measurementsof streamwiseandlateralvelocities

in asupersonicjet. ThissystemutilizedapulsedNd:YAG laserandan imagecombiner

systemsothatonly oneCCDcamerawasrequired.Measurementsweremadein a

Mach1.14jet, andgoodagreementwasshownwhentheDGV datawascomparedwith

particleimagingvelocimetry(PIV) andpitot probedata.

Morrison,etal., (1994)describestheinaccuraciesencounteredwhen

measurementsweremadeusingaonedimensionalDGV system.Theseinaccuracies

resultedfrom theperformanceof individualDGV components,including thevideo

cameras,thetransferlens,thebeamsplitter,the iodinecell constructionandcharging,

andthevideocaptureboards.Individual descriptionsof theproblems,alongwith their

corrections,werealsodiscussed.

A DGV systemhasbeendevelopedby Chan,et al., (1995).Thissystemusedacw

argon-ionlaserandasingleCCD camerafor boththesignalandreferencesignals.

Measurementsweremadeonaspinningdiskwith arim velocity of approximately

120m/secasmeasuredby anopticaltachometer.Thetechniquesusedin the image

processingarealsodiscussed.

FordandTatum(1995)developeda systemwhichmadeuseofa cw argon-ion

laserwhichwas frequencystabilized.TheCCDcamerasemployedhadaresolutionof

560X 450anda framerateof 25Hz. Measurementswerethenmadeona spinningdisk

with adiameterof 15cm.Theplaneof thediskwasoffsetfrom theillumination direction
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by 15°. The measurements of disk velocity were in good agreement with velocity

measurements made by other techniques. It was also found that significant errors began to

occur at points that were more than approximately 5 ° from the center of the field of view.

Significant errors were also observed for divergence angles of the illumination beam that

were greater than 10 ° at a distance of 5 cm from the beam axis.

DGV research has also been conducted at Oxford on transonic turbo-machinery

flows (Ainsworth and Thorpe, 1994). As with several other researchers, Ainsworth and

Thorpe utilized a single CCD camera to acquire both signal and reference images. A cw

argon-ion laser was also used to image the flow. Measurements were made on a rotating

disk with a tip speed of approximately 90 m/sec. The errors observed were much higher

than would be acceptable in measuring a flow, mostly due to the use of a 6-bit frame

grabber in these experiments. Error analyses for the frame grabber and Gaussian beam

profile were also presented. This research was later continued on an axisymmetric free-jet

air flow (Thorpe, et al., 1996). The DGV results showed excellent agreement with

published results for the flow. An error analysis was also included, which showed errors

to be on the order of+4 rn/sec. Ainsworth, et al. (1997) also presented an overview of

different approaches to DGV research, as well as reiterated results from the papers listed

above.

In Germany, Roehle and Schodl (1994) developed a one component PDV system

and made measurements on a free jet in order to determine the accuracy of such a PDV

system. A frequency stabilized argon-ion laser was used, as well as photodiodes to detect

the light scattered from the flow. The speed of the flow was varied from 40 m/sec to
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130m/sec.ThePDV datawascomparedagainstLaser-2-Focusdata,with anuncertainty

of lessthan+3 m/sec.

Roehle later developed a three component DGV system, as described in

Roehle (1996). This system utilized the frequency stabilized argon-ion laser, as well as

two CCD cameras for image acquisition. Long-time records with low levels of seeding

smoke were obtained for the flow field of a swirl spray nozzle in a cylindrical casing, and

in the wake of a car model in a wind tunnel. The results of these experiments were in

good agreement with laser velocimetry (LV) measurements. The DGV data acquisition

was also faster than the LV data acquisition by several orders of magnitude.

2.7 Summary

Many researchers have contributed to the development of PDVFDGV. While there

are similarities between most of the research, such as the use of pulsed Nd:YAG lasers by

the majority of workers, there are also some original ideas being applied, such as using a

Cesium vapor Faraday cells or Mercury vapor cells instead of iodine cells as frequency

discriminators. Many advances and refinements have been made since Komine obtained

his patent for the basic DGV concept in 1990. In that time, several of the researchers

listed above have documented results with errors of about 4 to 5 % of full scale. Work is

continuing to improve upon this level of accuracy.
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Chapter 3: Apparatus And Configuration

3.1 Laboratory Configuration

A schematic of the laboratory setup as viewed from above can be found in

Figure 3.1. Instead of attempting to develop a method of moving the laser and the sensing

optics, and keeping them in the same plane, it was decided to keep the above components

stationary, and instead develop a method of moving the flow facility. The result was a

stepper-motor driven traverse which could be moved anywhere within a volume

measuring 0.61 m by 0.46 m in the horizontal plane, by 0.305 m in the vertical plane

(2' by 1.5' by 1'). For a typical move of a few inches, the accuracy of this system was

found to be better than 25.4 _m (0.001"). A full description of this system has been given

in Ramanath (1997).

A rectangular flow channel was then mounted on top of this traverse. This flow

channel was constructed from Plexiglas, and measured 8.41 cm wide by 10.16 cm tall by

127 cm long (3 5/16" by 4" by 50"). Additionally, at the exit, two wooden pieces were

attached to the roof and floor of the channel in order to form a two-dimensional nozzle

with dimensions 8.255 cm (3 ¼") wide by 5.3975 cm (2 1/8") tall. The nozzle block

contours were formed from two tangent, reverse curvature cubic curves to form S-shaped

profiles. The flow for this channel was supplied by a Dayton model 4C108 blower. The

blower was powered by a Dayton 5K901C motor. This was a one horsepower motor

which turned at 3450 rpm. It was necessary to provide some flow resistance because the

motor was not powerful enough for the blower without a load. Otherwise, the motor

would overheat and shut down. This resistance was accomplished by placing grids of

drinking straws both in the exit of the blower, as well as in the flow channel
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approximately0.762m (30") downstreamof theblowerexit. Additionally, wheneverthe

blowerwasrun,acontroldevicewasplacedovertheblower inlet to help limit the

flowrate,andthusthevelocity,of theflow, aswell asto keepthemotor from

overheating.

3.2Velocity MeasurementApparatus

3.2.1Laser

Thelaserusedin theseexperimentswasaCoherentInnovaModel 305.Thiswas

a 5watt, continuouswave,argon-ionlaseroperatingin singlelinemodeatawavelength

of 514.5nm,whichcorrespondsto thecolorgreenin thevisiblespectrum.In orderto

achievethis singlelinemode,it wasnecessaryto insertaheated,tilted etaloninto the

lasercavity.An etalonis acylindricalpieceof fusedsilicawhich,wheninsertedinto the

lasercavity,allowsonly anarrowwavelengthrangeof light to betransmittedthrough

itself. Typically, dueto modecompetition,thestrongestmodeof thelasercavity that lies

within thefrequencyrangewherethelasergainexceedstheetalonlosswill be theonly

modepermitted.This etalonalsohadtheeffectof loweringthepoweroutputof the laser,

from themaximumof 5watts,to approximately1.5watts.

3.2.2Iodine Cells

Theiodine cellsusedin theseexperimentsweremadeby Opthos Instruments, Inc.

They measured 6.35 cm (2.5") in length, 5.08 cm (2") in diameter, and had an internal

optical path length of 5.08 m (2"). The ends of the cells were optically flat crown glass
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coatedwith ananti-reflectivematerial.Theseendswerefusedto thebodyof thecell by

directcontact.

Duringconstruction,thecellswerecarefullyevacuated,andafew iodinecrystals

werethenplacedinside.Theglassstembywhich bothof theseprocessesoccurwasthen

meltedshut.Becauseof the low pressure,someof the iodinecrystalsundergo

sublimation,which fills thecell with iodinevapor.Whenthetemperatureof thecell stem

is variedwhile maintainingthebodyata constant,but hotter,temperature,theamountof

iodinevaporin thecell alsovaries.In orderto maintainthecell bodiesat aconstant

temperature,acoppersleevewasfitted aroundeachcell. Thecoppersleeveswereheated

bybandheaters,which werecontrolledby OmegamodelCN9000Atemperature

controllers.Thesetemperaturecontrollerswereableto maintainaconstantstem

temperatureto within anRMS fluctuationof +0.1 °C.

3.2.3 Laser Frequency Monitoring System

When the laser beam exits the aperture of the laser, it is split into two beams by a

piece of Pyrex glass. The main beam continues on to be passed through the flow, while

the other beam is sent into the laser frequency monitoring system, which is used to

monitor laser frequency drift (Figure 3.2).

The laser frequency monitoring system is totally enclosed within a wooden box in

order to prevent stray light from interfering with the measurements. When the secondary

laser beam enters the box through a hole drilled in the side, it is again split in two by

Pyrex glass. One beam is then sent to a laser spectrum analyzer, while the other beam

continues on to the signal and reference legs of the laser frequency monitoring system.
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Thespectrumanalyzeris aBurleigh InstrumentsmodelnumberSA-200Plus,which is

connectedto aBurleighInstrumentsDA-100detectoramplifier.Thesecondbeamthen

passesthroughaneutraldensityfilter, andthenapinhole.Thepinhole isusedto pick out

only onebeam,assomesecondarybeamsareintroducedasaresultof passingthrough

thePyrexglass.A 5.08cm(2") diameterdielectricbeamsplitteris thenusedsothat the

beamcanbesentdownboth legsof the laserfrequencymonitoringsystem.

Thelaserbeamthatpassesstraightthroughthebeamsplitteris sentdownthe

referenceleg of the laserfrequencymonitoringsystem.It first hits amirror, sothatthe

beamcanbedeflected90°. Thebeamthenpassesthrougha lens,which focusesthebeam

downto apoint onthereferencelegphotodetector.Thephotodetectorsusedaredescribed

in a separatesectionbelow.

Thelaserbeamthat is deflectedby thebeamsplitteris sentdownthesignalleg of

the laserfrequencymonitoringsystem.It first passesthrougha10:1beamexpanderin an

effort to preventlocal iodinevaporabsorptionsaturationdueto thelaserlight which is

passingthoughtheiodinecell. Thebeamexpanderis aCVI Instrumentscw beam

expanderwhichhasvariableratiosfrom4.5:1up to 10:1.This beamexpanderis ratedfor

wavelengthsbetween488 and515nm, andwasfactory-setto 515nm.Oncethebeam

exitsthebeamexpander,it passesthroughtheiodinecell for the laserfrequency

monitoringsystem.It thenencountersa 5.08m (2") diameterlens,which focusesit down

to apoint on thesignallegphotodetector.Thelaserandthelaserfrequencymonitoring

systemaremountedon a0.5842m by 1.1938m (23" by 47") opticalbreadboardfrom

Aerotech,model91012.Theentireopticalbreadboardhasbeenmountedonabox filled
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with sandto dampenvibrations,andsmall innertubesto allow for levelingof the

breadboard.

In orderto provideasafeworkingenvironment,a lasershutterwasmountedin

frontof theemissionapertureof the laser.This shutterwasconnectedto aninterlock,as

well asamagneticproximity switchmountedon thedoorto the lab.

3.2.4PDV Velocity MeasurementSystem

In orderto measureflow velocity,two PDV componentswereusedin orderto

ensureaccuratemeasurementsof theflow in two dimensions.Thesetwo components

werefunctionallythesame,althoughonecomponentwasthemirror imageof theother

whenviewedfromthe front of thecomponents.Becauseof this, only thegeometryof one

of thecomponentswill bedescribedbelow.Additionally, adiagramof acomponentcan

be foundasFigure3.3.

To beginwith, two MellesGriot railsweremountedonaThorLabsoptical

breadboardmeasuring0.46m (18 1/8")by 0.765m (30 1/8"). All of thecomponents,

with theexceptionof theheatingcontrollerfor the iodinecells,weremountedon these

rails.Theserailsweremarkedfrom 0 to 700mm in 1mm incrementsfor precise

placementof theopticalcomponents.Thebreadboardandall themountedcomponents

werealsoenclosedin orderto reducetheamountof straylight.

To enterthecomponent,thescatteredlight first passesthroughahole in the

enclosurewhich is cut to beslightly largerthanthefirst 5.08cm (2") diameterlensthat

the light will passthrough.This lensfocusesthelight downto apoint, andapinholeis

placedat thefocalpoint of the lensin orderto only collectscatteredlight from a single
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point in theflow. Oncethelight passesthroughthepinhole,it expandsuntil it reachesa

diameterwhich is slightly lessthan5.08cm (2"). This is importantbecausethediameter

of boththenext lensandtheiodinecell is 5.08cm(2"). At thispoint, the light passes

throughanotherlenswhich restoresthebeamto aconstantdiameter.Thebeamthen

strikesabeamsplitterin agimbaledmount.Thebeamsplitteris a 10,16cm (4") diameter

dielectricmodel68.0475fromRolyn Optics,with atransmission/reflectionratioof

55/45.Themountis aNewportseries605-4.Thelight whichpassesthroughthe

beamsplitteris passedinto thesignallegof thecomponent,while thereflectedlight is

passedto thereferenceleg.In orderto ensureaccuracy,boththesignalandreferencelegs

havebeenadjustedsothattheyhavethesameopticalpathlength.

In thereferenceleg,oncethelight is reflectedfrom thebeamsplitter,it strikesa

mirror in agimbaledmount.Themirror is aNewport10.16cm (4") diametermirror, part

number40D10BD.1.It is anti-reflectivecoated,andratedfor 1kW/cm2. The mount is

from Aerotech, Inc., and is model number AOM110-4. The light then passes through a

lens, which focuses the beam down to a point on the reference leg photodetector.

In the signal leg, once the light is passed through the beamsplitter, it passes

through the iodine cell. The light then passes through a lens, which focuses the beam

down to a point on the signal leg photodetector.

The optic posts, rail mounts, and other positioning equipment were a mix from

Thor Labs, Melles Griot, and Creative Star.
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3.2.5Photodetectors

Thephotodetectorsusedin the laser frequency monitoring system were model

number PDA150 fixed gain amplified silicon detectors from Thor Labs. These

photodetectors have a spectral response from 320 to 1100 nm, and a rise time of 7 ns.

They operate from a 12 V DC power supply. Their voltage output is between 0 and 1.5 V,

and they have a BNC connector for signal output. The active area of the detector is

1.5 mm 2. The spectral sensitivity in amps per watt (A/W) reaches a maximum of 0.6

between wavelengths of approximately 900 and 925 nm. At the wavelength used in this

experiment (514.5 nm), the sensitivity was approximately 0.3 A/W. These photodetectors

have lower noise levels than the PDA50's in the two sensing components, as well as a

lower gain. This lower gain did not present a problem due to the stronger light signal in

the laser frequency monitoring system. Because there was a need for variable gains in the

two sensing components, these PDA150's could not be used, despite their advantages

over the PDA50's.

The photodetectors used in the two sensing components were model number

PDA50 variable gain amplified silicon detectors from Thor Labs, and have a spectral

response from 320 to 1100 nm. They have a rise time of< 35 ns, and operate from a 12 V

DC power supply. Their voltage output is between 0 and 3.5 V, and they have a BNC

connector for signal output. The active area of the detector is 13.7 mm 2. The spectral

sensitivity in amps per watt (MW) reaches a maximum of 0.6 at a wavelength of

approximately 850 nm. At the wavelength used in this experiment (514.5 nm), the

sensitivity was approximately 0.32 A/W. These photodetectors were chosen for use partly

24



becausetheyhadavariablegainwhichwashigherthanthat of thePDA150.Thegaincan

beadjustedby a 12-turnpotentiometer.

During thecourseof experimentation,it wassuspectedthatoneof the

photodetectorsin component2 (streamwisedirection)wasno longerfunctioning

properly.Becauseof this, thetwo PDA50's werereplacedwith Thor LabsPDA55s,

whichhave5 discretegainsettings.Theyhavea spectralresponsefrom 320to 1100nm,

andoperatefrom a 120V AC powersupply.TheyhaveaDC bandwidthto 10MHz for

thedetector,but for theamplifier settingatwhichdatawasacquired,theDC bandwidth

waslimited to 60kHz. Theirvoltageoutputis between0 and5V, andtheyhaveaBNC

connectorfor signaloutput.Theactiveareaof thedetectoris 12.96mm2.Thespectral

sensitivityin ampsperwatt (A/W) reachesamaximumof 0.625at awavelengthof

approximately900nm.At thewavelengthusedin this experiment(514.5nm),the

sensitivitywasapproximately0.3A/W.

3.2.6SmokeInjection

In orderto makemeasurementsof the flow, it was seeded with theatrical fog. A

Rosco 1500 fog machine was used, along with Rosco fog fluid. After the fluid was

vaporized to fog in the fog machine, it was pumped into a plenum. This was done in order

to maintain a more constant smoke flow to the flow facility. From the plenum, the fog

was drawn into the intake of the Dayton blower described above, which then propelled it

through the flow facility. After passing through the PDV measurement area, the flow

entered an exhaust cone (Figure 3.1). This cone could only exhaust a limited amount of

smoke, which limited the range of velocity measurements which could be made.
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An attemptwasalsomadeto improvethequality of thedataby introducinga

coflow into theshearlayersof theflow. Thesmokefor thiscoflow wasproducedby a

NessULF-700theatricalfogmachine.Thefog from thismachinewasinjecteddirectly

intoaplenum.Thefog from theplenumwasthendrawninto abox designedto only

releasesmokeinto theupperandlowershearlayersof theflow.

3.2.7Hot Wire andPitotProbe

In orderto determinetheflow velocity from therectangularchannelusingan

establishedvelocity measurementtechnique,a0.3175cm(1/8") diameterpitot static

probefrom UnitedSensorwasused.Thisprobewasconnectedto anESP32pressure

transducervia a Star2000interface.Boththetransducerandinterfaceweremanufactured

by PressureSystems,Inc.Thepressuretransducerhadarangeof +18.68 mm Hg (+ 10"

water gage).

Various other measurements were made using a hot wire. This hot wire was a 1-

axis probe, type 55P04 manufactured by Dantec. This probe was connected to an IFA 300

constant temperature anemometer from TSI Incorporated.

3.3 Computer Related Equipment

3.3.1 Computers

The main data acquisition computer was an IBM compatible PC running

Microsoft Windows 95 OSR2. This computer used an Intel Pentium® microprocessor

running at 200 MHz, and contained 64 megabytes of RAM. It also had three hard drives,

with a total capacity of 13 gigabytes. This space was needed because once some of the
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datasetswerereduced,thetotalharddrive spacerequiredwasover600megabytes.This

computerwastheoneconnectedto theIOtechA/D boarddescribedbelow.During the

courseof theresearch,this computerwasupgradedto anIntel Pentium®microprocessor

runningat400MHz. Themaineffectof this upgradewasthatthetimerequiredfor data

reductionwasreducedfrom approximatelytwo hoursto onehour.

Theothercomputer,whichwasusedto run thetraverse,wasanIBM compatible

PCrunningMicrosoft Windows95.ThiscomputerusedanIntel-compatible

microprocessorrunningat 80MHz, andcontained8megabytesof RAM.

3.3.2 A/D Boards

The main A/D board was an extemal IOtech model ADC488/8SA. This board

used the IEEE 488 interface to communicate with the PC, as well as to send digitized

voltage values to the data acquisition PC at rates up to 100 kHz. It was a 16-bit, variable

gain board, and had 8 differential input channels with simultaneous sample-and-hold

capabilities. These input voltages were converted in sequential order at intervals of 10 Its,

and were then either stored in the memory buffer, or transmitted via the IEEE bus to PC

memory. Six input channels were used in these experiments, one for each photodetector

in each component. In this configuration, the maximum sampling rate for data acquisition

was 10 kHz.

The other A/D board was a National Instruments AT-GPIB/TNT that was located

inside the data acquisition PC. This board was also 16-bit and variable gain, but the

maximum sampling rate over the 8 channels was 20 kHz. It was not a simultaneous

sampling board. This board was used to collect temperature data from thermocouples
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mountedon thebodiesandstemsof the iodinecells.Thesetemperaturesignalsvaried

slowly, sohigh-speeddataacquisitionandprecisematchingof thesamplingtimeswere

notnecessary.

3.4NACA 0012Airfoil Model

TheNACA 0012airfoil modelwasdesignedto haveachordlengthof 0.3048m

(12") (adiagramof this geometryandcommonlyusedairfoil definitionscanbe foundas

Figure3.4.).Themodeldesignwasbegunby usingMicrosoft Excelto calculatediscrete

pointsusingthefollowing equationfor NACA 4-digit seriesairfoils:

y = 0t.--_(0.2969x °5 - 0.126x - 0.3516x 2 + 0.2843x 3 - 0.1015x 4) Eq. 3.1

where y is the vertical distance from the airfoil chord, t is the maximum thickness of the

airfoil, and x is the distance along the chord, all in fractions of chord length. These points

were then imported into AutoCAD 14, and exported to an Initial Graphic Exchange

Specification (IGES) file. This file was then taken to DeVall Brothers, Inc., a local

machine shop. Once there, the file was used to program an N/C controlled milling

machine to make a female airfoil template from 0.635 cm (¼") thick aluminum. This

template was beveled in order to facilitate its use in the making of the actual model.

The airfoil template was then taken to General Woodworking Co., the company

which actually made the wooden airfoil. A 0.9144 m (3') length of poplar was hand

worked to a shape close to that of a NACA 0012 airfoil. The aluminum template was then

drawn down over the length of poplar, producing a wing section. This section was then

hand-sanded to remove any rough spots. Naturally, there were some imperfections in the

wing section, so measurements were made to find a section that was closest to the desired
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shape.A 0.3048m (12") spanwasthencut out to becomethemodel.Theactualchord

lengthwasmeasuredto be0.3m (11.8125").Thecontourof theairfoil wasmeasuredby

mountingit in amilling machinewhich allowedfor precisemovementsof the airfoil. A

dial caliperwasthenusedto measurecoordinatesonbothsurfacesof theairfoil. A

comparisonof thetheoreticalandactualairfoil profilescanbe foundin Figure3.5.

In orderto mountthis airfoil in theflow, analuminumframewasconstructed

whichwouldattachto thetraverseandpositiontheairfoil attheexit of the flow channel.

A pictureof this framewith theairfoil mountedin it canbe foundasFigure3.6.During

thecourseof thisresearch,it becameapparentthattheupperpartof this framewas

interferingwith measurementsovera streamwisedistanceof about2.54cm (1"). To

solvethisproblem,theupperhalf of theframewascutoff. After thismodificationwas

made,themeasurementsof this framewere0.2953m by 0.3222m by 0.1556m (11 5/8"

by 1211/16"by 6 1/8").It wasdesignedwith apivotpoint 1.27cm (0.5") from the

leadingedge.At thetrailing edge,grooveswerecut from thesupportframe,andthe

airfoil wasmountedsuchthat it couldbemovedthroughanglesof attackof 0 to +10°.

Whenattachedto thetraverse,the leadingedgewas0.635cm (¼") from theexit of the

flow channel,andtheshoulderwas9.684cm (3 13/16")fromtheexit. Also, during the

courseof experimentation,theairfoil andframewerepaintedfiat black in aneffort to

reducetheamountof light scatteredfrom theairfoil surface.
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Chapter 4: Data Acquisition and Post-Processing

In order to acquire and reduce the data for this research, custom software was

developed using Microsoft Visual Basic 4.0 (32-bit) (Loew 1997). The initial version of

this software has been described in James (1997). Since the time that thesis was written,

numerous improvements have been incorporated into the software. These include:

• An error that reversed the X and Y component calibration curves in the data reduction

software has been fixed.

• The sensitivities of each component originally had been calculated by taking the

angles of each component, drawing a graph of the lab configuration, including the

sensitivity angles, and then calculating the sensitivities from the graph. The

sensitivities are now directly calculated from the angles, without the small errors that

were induced by the conversions to and from the graph.

• The orthogonal velocities are now also calculated by dot product calculations. The

equations for these calculations are:

AU,S2 -AAS,
U= 2o CIS2-CzS, Eq.4.1

a LG -ALto,
V = 2o C2S, _ C_$2 Eq. 4.2

where U is the spanwise velocity, and V is the streamwise velocity. Lo is the laser

wavelength used in this experiment, equal to 514.5 nm. Also, Af_ and Af 2 are the

frequency shift measured by components 1 and 2, respectively. The "constants", C_,

C 2, S_, and Sz, are given by the equations
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C I = cos01 -l- cos3' L S 1 = sin0_ +sin), L Eq. 4.3

C 2 _ cos0 2 4- cos3' L S2 = sin02 + sin3, L Eq. 4.4

In the above equations, 3'Lis the angle that the laser makes with the x-axis, 01 is the

angle between the x-axis and the viewing direction of the first component, and 02 is

the angle between the x-axis and the viewing direction of the second component.

These equations were described in Naylor, 1998.

Thresholding of the voltage levels was added to the Data Reduction program to

eliminate data due to the extremes in the ratio normally caused by low smoke levels

on the edges of the flow. These threshold values are user selectable, and can be

changed for each data file. Normally, one set of values is used for all files from a

given data run (data taken in one day.)

All of the above programs have been through some minor cosmetic changes. In order

to speed the data reduction progress, the ability to select multiple files and run them

sequentially was added to each of the data reduction programs.

Some of the data reduction process that was performed within Microsoft Excel was

tedious, repetitive, and prone to user error. To reduce the errors, Excel macros were

written wherever possible to automate the data reduction process. As with the data

reduction programs, these macros give the user the ability to select multiple files, and

run them sequentially. It is estimated that these Excel macros have reduced the time

needed for data reduction by over 80%.

4.1 Overview

The laser, IOTech A/D board, and all other components were turned on at least 1

hour, and typically over 2 hours, before aligning the components. This time was required
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becausesomedrift hasbeenobservedin boththelaserandtheIOTechboard.Thisdrift

wassignificantlyreducedin bothafter2 hours.Whentheexperimentwasreadyto begin,

thefogmachine(s)wereturnedon,andtheoverheadlights in the laboratorywereturned

off.

Thenextstepwasto align thetwo componentssothattheywerebothviewing the

samelocationin theflow. In orderto accomplishthis, a triangleof velumattachedto the

traversewasplacedin thehorizontalcenterof theflow channel,nominally 10.16cm (4")

fromtheexit of thechannel.Or, for theairfoil measurements,thevelum trianglewas

placedattheshoulderof theairfoil, andin thehorizontalcenterof theflow channel.The

locationof thetraversewasthenadjustedsothatthetip of thevelumtrianglewasplaced

approximatelyin thediametriccenterof the laserbeam.Thetwo PDV componentswere

thenadjustedsothattheywerebothviewingthelaserlight scatteredfrom thetip of the

velumtriangle.For eachcomponent,theadjustablepinholeswerecloseddownto their

smallestsize,andthenadjustedsothatthe light scatteredfrom thevelumtriangleand

focusedby theinitial lenswascenteredon thepinhole(Figure3.3).This adjustment

typicallyconsistedof left/right andup/downmovements,butoccasionallythepinhole

would alsobemovedalongtheopticalpath.Thepinholewasthenopenedto adiameter

of 1-3mm. Theiodinecellswerethencheckedto makesureall of the light wasstill

passingthroughthem,andnotstriking theedges.Finally, thetwo photodetectorsin each

componentwereadjustedsothatthe light focusedby thelensesdirectly in front of them

fell only on thesensingarea.

Thevelumtrianglewasthenremovedfrom theflow channelexit or airfoil

shoulder.Theblowerwasstarted,andtheintakepartiallyblockedsothatthedesiredflow
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ratewasachieved.Smokeinjectionwasbegun,andthreeto five minuteswereallowedto

passsothatthesmokelevelcouldreachsteadystate,asdeterminedby relativelyconstant

photodetectorvoltages.Thecomputermonitorswerethenblockedfrom theview of the

components.A darkvoltage(thevoltageoutputof thephotodetectorswhenthelaser

beamis not allowedout into thelaboratory)wasthenrecorded.Thisdarkvoltageis then

subtractedfrom eachsubsequentvoltagemeasurementby thedataacquisitionsoftwareto

compensatefor photodetectornoiseandlight notoriginatingfrom thelaserbeam.The

voltagelevelsfrom thephotodetectorswerethenchecked,and,if necessary,thesmoke

level, laserpower,or photodetectorgainswereadjusted.

Thelaserwavelengthwassuchthattheratioof thesignalto thereference

channelsin the laserfrequencymonitoringsystemwastypically between0.4 and0.6.

Datawasthentakenundertheconditionsto bedescribedin Chapter5. Theratiohadto

periodicallyberesetsinceit wouldchangeasthelaserdrifted.This laserdrift wascaused

by changesin theroomtemperatureand/orchangesin thetemperatureof the laser

coolingwater.A calibrationrunwasthenperformedasdescribedin Chapter4.2below.

Dataacquisitionandcalibrationrunswerethenrepeatedasdesired.Theanglesof thetwo

componentswith respectto the laserpropagationdirectionwerethenmeasured,andthe

datawasreducedaccordingto theprocedureexplainedin theDataProcessingsection

below.

4.2IodineCell Calibration

For acalibrationrun, the laserbeamwaspositionedin thevertical centerof the

flow channel,andtheblowerintakewasblockedsothattheflow ratethroughthechannel
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wasminimal. Thiswasdonesothat thePDV componentiodinecellscouldbecalibrated

in situ using scattered light from the same smoke particles used for velocity

measurements. The calibrations were taken using the continuous mode hop technique

developed in James (1997), and also described in Naylor (1998). Typically 6-10 different

calibrations were obtained during a calibration run. Each calibration run was then reduced

according to the calibration curve shifting procedure detailed below to produce a

calibration curve for each iodine cell.

4.3 Data Reduction Procedure

The data reduction procedure can be broken up into two main procedures:

obtaining the calibration curve, and data processing. Flowcharts to outline each of these

procedures can be found as Figures 4.1 and 4.2, while the procedures will be described in

detail below.

4.3.1 Obtaining the Calibration Curve

To begin the data reduction process, the program New Calibration was run. The

purpose of this program was to find the mode hops for each component in the calibration

files. When run, the first calibration file is read by the program. It then marks the lines

where the mode hops occur. To do this, the voltage of the signal photodetector on the

laser frequency monitoring system is used. The voltage at each time step is compared

against the voltage at the previous time step. When the laser mode hops, this voltage

increases. If the current voltage multiplied by a user-selectable value (typically 0.9 to

0.95) is greater than the previous voltage, that line is marked as a mode hop. Generally,
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anaveragecalibrationwasused,whichmeansthattheprogramtakesall theratio values

betweenanytwo modehops,andaveragesthemto provide a ratio at that mode hop. The

ability to do left-edge and right-edge calibrations is also included in these programs. For

these two types of calibrations, the first 5 points after a mode hop, or the last 5 points

before a mode hop, respectively, are averaged. These two calibration methods did not

work as well as the average calibration method (James, 1997), and have not been used in

this research. The mode hop values are then written to an output file. If there are

calibration files remaining, the above steps are repeated for each file.

Next, the Excel macro Trim Cal Files was run to eliminate extra points from the

beginning and end of the calibration files. To do this, the calibration file is read into an

array, and processing is begun from the end of the array. When the i-1 voltage is greater

than the i voltage, the bottom of the absorption well has been found, and all points i and

greater are deleted. The truncated calibration file is again read into an array, and the

macro again begins processing at the end of the array. This time, if the i-1 voltage is less

than the i voltage, the top of the well has been reached, and anything else is actually

starting into another absorption well. All points before, and including, i-1 in the array are

then deleted. The trimmed data for all three components are then plotted on a graph, and

the shortened calibration file is saved. The above steps are then repeated for each

calibration curve in the calibration run. Once all the curves have been processed, a new

Excel workbook is created to hold all the reduced calibration files. These files are then

copied into a single worksheet, and three graphs are plotted from it. Each graph shows all

of the calibration curves for one of the components. This graph is then manually checked

to make sure each of the calibration curves is acceptable, i.e. no double mode hops. This
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graphis alsousedto decidewhich curveto shift to, andwhich curves,if any,to exclude

from thenextdataprocessingstep.

TheprogramCalibrationCurveCombinationwasthenrun in orderto "slide" the

calibrationcurveson topof oneanother.To do this, theuserfirst inputsthe"fixed"

calibrationcurve(thecurveto shift to) aschosenabove.Thiscurveis usedfor the laser

frequencymonitoringsystemaswell asthetwo sensingcomponents.Eachof the

calibrationcurvesto beshiftedto thiscurvearethenchosen.Theuseralsoselectsthe

maximumandminimumvoltageratiosto beusedin theshifting, typically 0.8 and0.2for

theseexperiments.Theprogramthentakeseachcalibrationcurveand"slides" it along

thefrequencyaxisin orderto minimizethesumof thesquaresof deviationsfrom the

fixedcalibrationcurve.Thesumof thesquaresof deviationsarecalculatedby linear

interpolation.A newcalibrationfile is thengeneratedcontainingeverypoint from the

fixedcalibrationcurve,aswell aseachof theothercalibrationcurves.This file hasthree

setsof data,onefor eachiodinecell.

Next,theExcelmacroPlot CalCurvesis run to checkthatthecalibrationcurves

for eachcomponentareacceptable(sufficiently"smooth").Thismacrosimplytakesthe

combinedcalibrationcurveandplotseachcomponentona separategraph.If thecurves

arenotacceptable,CalibrationCurveCombinationandPlot CalCurvesarerun

iteratively,varyingthecurveshiftedto,andwhichcurvesareexcluded,until the

calibrationcurvesareacceptable.

36



4.3.2DataProcessing

Thework describedabovewasperformedsimplyto produceacalibrationcurve

for eachof the iodinecells.Themaindatareductionis donewithin theprogramData

Reduction.To begin,theviewing anglesof thetwo viewing componentsareinput sothat

thesensitivitiesof eachcomponentcanbecalculated.Next, thecombinedcalibrationfile

is readin. A Boltzmannfitting functionis thenusedto fit acurveto thedata.The

equationfor this functionis

h I - A 2

y=
X--X 0

l+e _ o_ j

where A_ and A2 are the upper ratio bound and lower ratio bound, respectively, of the

curve, x 0 is the frequency shifting factor, and D x is the scaling factor. This fitting function

was used because it closely approximates the shape of one side of an iodine absorption

line. A more complete description of this function can be found in Naylor (1998). After

the curve fitting is completed, the first of the data files is then read in. High and low

threshold values for the voltages from each photodetector are then set by the user. These

values can be changed for each data file, but generally the same values are used for every

data file from a given day. Each voltage in the data file is checked against its respective

threshold value. If it is within the acceptable voltage range, it is input into a new array to

continue being processed. If it is outside of the acceptable range, it is skipped. A point

that is skipped for any one of the components is also skipped for the other two

components. The program then calculates a frequency for each data point using the

Boltzmann curve fit described above, as well as a frequency shift between each point.

This frequency shift is calculated by subtracting the frequency of the laser frequency

Eq. 4.5
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monitoringsystemiodinecell, ascomputedfrom its curvefit, from thefrequencyof the

individual component. From this, the velocities along each viewing direction are

computed, as well as the orthogonal velocities. The mean and standard deviations are also

calculated. Finally, the mean velocities and standard deviations are written to a velocity

output file. The above steps are then repeated for each subsequent file.

In order to facilitate an easy understanding of the data, the Import Vel Data macro

is run. This macro imports a velocity file, and plots the time traces of the velocities. Also

10-point running averages of the mean velocity and standard deviations are computed and

plotted. These files are manually inspected to gauge the accuracy of the data.

In the last few months of experimentation, the quantity of data acquired on any

given day made the manual inspection of each velocity data file all but impossible. To

rectify this situation, the macro Summarize Stats was written. This macro took all the

data files from a given data run, and created a spreadsheet with graphs of the streamwise

and spanwise mean and RMS velocities. In this way, the statistics for each data file could

be viewed easily, and if a more thorough analysis was required, the individual velocity

data file could be inspected.
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Chapter 5: Velocity Measurement Experiments

5.1 Rectangular Channel

Initial velocity measurement experiments were conducted on the rectangular

channel described in Chapter 3.1. These traverses were performed without the NACA

0012 airfoil positioned in the flow. For these traverses, PDV data was recorded while

moving continuously at a speed of 2.54 cm/sec (0. l"/sec). The sampling rate was 100 Hz,

and the exit velocity was typically about 20 m/see. This velocity was observed using the

pitot-static probe described in Chapter 3.2.7. While the blower could maintain a higher

maximum velocity, 20 m/see was the maximum speed where the seeding smoke could

still be exhausted from the laboratory.

To begin, several initial attempts were made at collecting data from traverses over

varying distances at varying axial distances downstream of the exit of the rectangular

channel. The sampling rate for all of these data runs was 100 Hz. Data was taken at

increments downstream of the channel exit, ranging from 2.54 cm to 15.24 cm (1" to 6")

in 2.54 cm (1") increments. The lateral distances of these traverses ranged from 6.604 cm

to 10.67 cm (2.6" to 4.2"), with the traverse distances increasing with increasing distance

from the channel exit. The typical number of data points can be calculated by taking the

traverse distance, subtracting 0.1, and then multiplying by 1000.

In attempts to improve the quality of the data, many aspects of the data taking

process were varied. These included:

• The A/D voltage range was either +1 or +2 V.

• The coflow smoke was on or off.
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• Thecomputermonitorswereorwerenot blockedfrom theview of thecomponent

pointingin their direction.

• Thesmokelevelwasvariedbetween1.5and2.5,asmeasuredon thecontrol of the

fogmachine.

• Thesizeof pinholeswerevariedbetweennominally 1mm and3 mm.

• Thecomponentswerepositionedsothateitherbothchannelswerein forwardscatter,

or therewasonecomponenteachin forwardandbackscatter.

• Thecalibrationswerevariedin thatbetween7 and10calibrationswereaveraged,

theyweretakeneitherbetweendatarunsor afterall thedatawastaken,andwere

donewith theflow movingeitherat slowspeedor at thesamespeeddatawastaken.

After manydata-takingattempts,it wasdeterminedthattheoptimalconditionswerea

voltagerangeof+2 V, nocoflow,with theview of themonitorsblocked,the smokelevel

about2.25,thecomponentsoneeachin forwardandbackscatter,thepinholesizeabout3

mmfor backscatter,and1-2mm for forwardscatter,thecalibrationsdonebetweendata

runsandat slowspeed.No clearevidencewasfoundthataveraginga largernumberof

calibrationsimprovedthequalityof thedata.

ThePDV datato bepresentedin Figures6.1through6.4weretakenat 2.54cm

(1") downstreamof theexit of theflow channel.Traversesof7.112 cm (2.8") were

performed,and2700datapointsweretakenatasamplingrateof 100Hz. Additionally,

thePDV datato bepresentedin Figures6.5through6.8weretakenat 7.62cm (3")

downstreamof theexit of theflow channel.Traversesoveradistanceof 8.382cm (3.3")

wereperformed,and3200datapointsweretakenata samplingrateof 100Hz. Thisdata

wasalsotakenattheoptimalconditionsdescribedabove.
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5.2NACA 0012Airfoil Model

Thesetupfor theseexperimentsweresimilar to thosedescribedin Chapter5.1,

exceptthat anNACA 0012airfoil wasmountedattheexit of therectangularflow

channeldescribedin Chapter3.1.TheReynoldsnumberfor this flow wasapproximately

394,000,basedon airfoil chord.FortheNACA 0012airfoil, datawastypically takenat

discretestationsalongthechordof theairfoil separatedby 2.54cm (1"). Thesewere

takenfrom 5.08cm (2") upstreamof theairfoil shoulder(x/c= 0.130)to 20.32cm (8")

downstreamof theairfoil shoulder(x/c= 0.977)(Figure3.4).Also, datawastakenata

constantverticaldistancerelativeto eithertheairfoil surface,or the laboratoryfloor.

Typically,either 1000or4096datapointsweretakenat eachstationat asamplingrateof

10kHz.

Traverseswerealsomadeattheshoulderof theairfoil, startingat 1.27cm (0.5",

z/c= 0.0423)abovetheairfoil surfaceanddescendingto 0.127cm(0.05", z/c= 0.00423)

abovetheairfoil surfacein 0.127cm (0.05") increments.Typically 4096datapointswere

takenat eachstationata samplingrateof 10kHz.

Additionally, somecontinuoustraversesweretakenfrom 5.08(2") upstreamof

theshoulder(x/c = 0.130)to 17.78cm(7") downstreamof theshoulder(x/c= 0.892).

Typically,3000datapointsweretakenat asamplingrateof 100Hz. Thismethodof data

takingwasnotusedverymuchbecausedatacouldnotbegatheredovertheentireairfoil,

andalsobecausecorrelationcoefficientsandspectracouldnot becalculated.
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5.3UnsuccessfulExperimentalMethods

Severalmethodswereusedin attemptsto improvethequalityof the data. Some of

these techniques have been mentioned above, and both those techniques and other

methods not mentioned are discussed below.

When the experiments were begun, both PDV channels were in a forward scatter

configuration. This configuration provided a better signal to noise ratio, as well as

requiring less smoke to get a strong signal from the flow. However, this configuration

had little sensitivity to the spanwise velocity, leading to large errors in both the mean and

RMS spanwise velocities.

In order to obtain better zero velocity data in the upper and lower shear layers of

the flow, a secondary fog machine was used in order to seed these shear layers, while the

primary fog machine was used to seed the main part of the flow. This method was

unsuccessful because it was not possible to control the smoke level of the secondary fog

machine, even with the use of the plenum to help regulate the smoke flow.

Decreasing the probe volume was also attempted in order to produce better

results. To this end, a beam expander fitted with a lens of focal length equal to 310 mm

was placed in the flow so that the focal point of lens was approximately in the transverse

center of the flow. This model 0055 X0121 beam expander was manufactured by DISA.

The diameter of the probe volume generated by this lens was on the order of 0.3 mm, as

opposed to 2-3 mm for the unfocused laser beam. On one data taking attempt, the mean

streamwise and spanwise velocities were approximately correct, but the RMS velocities
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weretoo large(up to 15m/sec).Two possibleexplanationsfor this problemarenoisedue

to laserspeckle,or perhapsnon-uniformseedinglevels.

Otherattemptsto improvethedataincludedvaryingthepinholesizeandthe

amountof smokeinjectedinto theflow. Thesevariationsdid not appearto havea large

effectonthequalityof thedata,exceptthatif thepinholesizeweremadetoo small,then

thedatadid not appearto becorrect.Thiscouldperhapsbeexplainedif thetwo

componentswerenot focusedon thesamepoint in theflow. Additionally, if thepinhole

onthespanwisesensitivechannelwastoo small,thesignalto noiserationwas toosmall

to generatereliabledata.In contrast,the largerpinholeswouldallow agreaterchanceof

thetwo sensingareasto overlap,thusimprovingthedata.Thelargersensingareaswould

alsotendto averageout theeffectsof unevenseedingin theflow.

An attemptwasalsomadeto improvethedataby placingpolarizing film atthe

opticalentranceof eachcomponent.Thepolarizingfilm shouldhelpeliminatethe

sensitivityto polarizationof thebeamsplitterby only passingtheoriginal, in this case

vertical,polarization.Thismethodwasnotrigorouslytested,but it appearsto hold

promise.Resultsfor onerunusingthisexperimentalmethodwill bepresentedin

Chapter6.3.
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Chapter 6: Results

6.1RectangularChannel

Thefirst resultspresentedarefor therectangularchannelwithout theNACA 0012

airfoil installed.This datawastakenin orderto helptrackdownprogrammingerrorsin

thedataacquisitionanddatareductionsoftware.Theseerrorswere first suspectedto exist

becauseavelocity of closeto zerocouldnot bemeasuredat theedgesof thejet, and the

streamwise velocity was always incorrect. The data presented was acquired and reduced

after these programs were corrected.

For PDV measurements at the exit of the rectangular flow channel, vertical

traverses over a distance ofT.112 cm (2.8") were made at 2.54 cm (1") from the exit. A

total of 2700 data points were taken at a sampling rate of 100 Hz, while continually

traversing the flow channel at a rate of 0.254 cm/sec (0.1 "/sec). Time histories of the

average streamwise and spanwise velocities of these measurements can be found in

Figures 6.1 and 6.2, respectively. These time histories are the average of five different

data runs. In these figures, the x-axis is in meters because the constant traverse speed

allows the recorded time to be converted into distance. The measured average streamwise

velocity in the core of the flow is approximately 22 m/sec. This agrees well with the

pitot-static probe measurements on the jet centerline. Also, the measured mean velocity in

the spanwise direction is approximately 3 m/sec, instead of the actual 0 m/sec. RMS

velocity data for these traverses are also presented in Figures 6.3 and 6.4. These figures

are also the average of five different data runs. In the streamwise direction, the average

RMS is about 2 m/sec, while the spanwise RMS is slightly higher, about 2.5 m/sec. At
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thisdistancefrom thechannelexit, thecoreflow appearsto beapproximately0.045m

thick.

Additionally,verticaltraversesoveradistanceof 8.382cm (3.3") weremadeatan

axialdistanceof 7.62cm (Y') from thechannelexit. Forthesetraverses,3200datapoints

weretakenat asamplingrateof 100Hz. Profilesof thestreamwiseandspanwise

velocitiesof thesemeasurementscanbe foundin Figures6.5and6.6,respectively.These

figuresaretheaverageof six differentdataruns.Themeasuredaveragestreamwise

velocity in thecoreof theflow is approximately25 rrdsec,while in thespanwise

directionit is approximately9 m/sec.Again,thetruespanwisevelocity is 0 m/sec.Also,

RMSvelocity datafor thesetraversesarepresentedin Figures6.7and6.8. Thesefigures

arealsotheaverageof six differentdataruns.In thestreamwisedirection,theaverage

RMSis againabout2 m/sec,while thespanwiseRMS is againhigherthanthe

streamwiseRMS, approximately2.8m/sec.At thisdistancefromthechannelexit, the

coreflow hasshrunkto 0.04m thick.

6.2NACA 0012Airfoil Measurements

TheNACA 0012airfoil measurementsweretakenin orderto assesstheaccuracy

of thePDV systemfor turbulencemeasurementsin aflow with varyingRMS levels.This

assessmentwascarriedoutusingconventionalstatisticssuchasmeanandRMS velocity

values,aswell astimeauto-correlationsandpowerspectra,bothcalculatedusing

MATLAB. Anotherpartof this assessmentwasaccomplishedby comparingthePDV

statisticswith similarmeasurementsmadeusingahotwire anemometer.
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6.2.1ChordwiseVelocity Profiles

Figures6.9and6.10showthemeasuredPDV streamwiseandspanwisemean

velocity at 11stationsalongtheairfoil chord,eachspaced2.54cm (1") apart.These

stationscoverthedistancebetweenx/c of 0.130and0.977.Thetraversewaspositioned

sothatthemeasurementvolumeof thePDV systemwas1.27cm (0.5") abovethe

shoulderof theairfoil, whichwassetat anangleof attackof 0°. Thetraversewasthen

movedpurely in thepositiveor negativedirectionof theairfoil chord,sothatthedistance

of themeasurementvolumefromthesurfaceof theairfoil increasedasthetraversewas

movedawayfrom theairfoil shoulder(Figure3.4).Additionally,Figure6.9comparesthe

streamwisePDV velocity with hotwire datatakenatthesamestations,but at different

times.ForthePDV data,1000pointsweretakenat eachstationat asamplingrateof

10kHz.For thehotwire data,1024pointsweretakenat 10kHz. Thenumberof points

takenfor thehotwire datadiffers from thatof thePDV datadueto therequirementin the

hotwire dataacquisitionsoftwarethatthenumberof pointsmustequal2n,wheren is an

integer > 0.

In Figure 6.9, the hot wire data starts at 21 m/sec near the leading edge of the

airfoil, increases to 22 m/sec at station 2, and decreases to approximately 13 m/sec at the

last station on the airfoil. In comparison, the PDV data is about 23 rn/sec for the first two

stations, and drops to an average of about 11 m/sec at the last airfoil station. The total

variation in range of velocity at any x/c location is about 2 m/sec for the hot wire data,

and 7 m/sec for the PDV data. Figure 6.10 shows the corresponding spanwise PDV

velocity data. The average spanwise velocity for each station is approximately 0 m/sec, as

expected, while the largest velocity range between the data runs at a station is about
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4.5m/sec.No spanwisehot wire datais presentedbecausethehot wire probewasonly

sensitiveto onedirection,andwasalignedto thestreamwisedirectionof theflow.

Figures6.11and6.12arethesameas6.9and6.10,exceptthatthesedisplaythe

correspondingRMSvelocities.Thestreamwisehotwire RMSdatarangesfrom 3m/sec

to 4 m/sec,while thePDV datarangesfrom 2.5m/secto 3.75rn/sec.Thelargestvariation

in RMSrangeis about1.2m/secfor thehotwire data,andonly 0.7m/secfor thePDV

data.Figure6.12showsthecorrespondingspanwisePDV RMSvelocity.This RMS

velocityrangesfrom 2.3m/secto 4 m/sec,while the largestRMS velocityrangebetween

thedatarunsatastationis about0.6m/sec.ThePDV RMS is almostthesamefor both

thestreamwiseandspanwisedata,which onewould expectto observeif theflow were

isotropic.

Figures6.13through6.16presentasecondsetof PDV datawhich correspondsto

thedatain Figures6.9through6.12.Thedifferencesfor this seconddatarunwerethat

thevoltagerangefor theA/D boardwas+ 1 V instead of+ 2 V, and the number of data

points in each run was 4096 instead of 1000. The streamwise PDV data in Figure 6.13 is

compared against the same hot wire data as in the previous set of graphs. The PDV

velocity ranges from 19 rn/sec to 11 m/sec, with a maximum range of variation of 4 rrdsec

at any station. For the spanwise mean velocity in Figure 6.14, the average velocity is

about -I m/sec, but increases to 3 m/sec at the last station on the airfoil. In Figure 6.15,

the streamwise PDV RMS velocity varies from 2.3 m/sec to 3.3 m/sec, and the largest

range of variation is 0.4 m/sec. The largest variation in mean streamwise velocity is

7 m/sec at any given point. The PDV data is consistently lower than the hot wire data. In

Figure 6.16, the spanwise RMS velocity varies from 3.5 m/sec to 5.1 rn/sec, with a
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maximumrangeof variationof 0.3m/sec.It canalsobeobservedthat themeasured

spanwisePDV RMS is significantlylargerthanthemeasuredstreamwisePDV RMS(1.2

to 1.6rn/sec),but only slightly higherthanthemeasuredstreamwisehotwire RMS

results(0.2to 1.0m/sec).

Whenthefirst andseconddatasetsarecompared,it canbeseenthatthe

streamwiseandspanwisemeanvelocityprofilesshowlessvariationat eachdatapoint in

theseconddatasetthanin thefirst, althoughtheaveragevelocity for thefirst datasetis

morecomparableto thatof thehot wire data.Very little differencecanbeseenbetween

thetwo setsof streamwiseRMS profiles,but thespanwiseRMS profile of thefirst data

setis lower thanthat of theseconddatasetby about1m/see.

Figures6.17and6.18presentexamplesof streamwisehotwire time historiesat

1.27em(0.5") from thesurfaceof theairfoil. Figure6.17wastakenattheshoulderof the

airfoil (x/c= 0.3),whileFigure6.18wastakenatthenextto laststationon theairfoil

(x/c= 0.89).Thedatawastakenin blocksof 1024pointsat 10kHz. Themeasured

averagestreamwisevelocity attheshoulderwasabout20m/sec,while nearthetrailing

edgeit was13m/see.Thedataat theshoulderalsohashigherfrequencyfluctuationsthan

nearthetrailing edge.

Figures6.19and6.20arethecorrespondingPDV datato figures6.17and6.18.

Thisdatawastakenin blocksof 4096pointsatasamplingrateof 10kHz. Only thefirst

tenthof a secondof datais displayedsothatthesegraphscanbebettercomparedagainst

thehotwire data.Theaveragevelocitiesfor thePDV graphsare17m/seeand 10m/see,

respectively.Thesevelocitiesareoffsetfrom thehot wire databy -3 m/see.Thetime

tracesof thehot wire andPDV dataat theshoulderappearcomparable.However,at
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x/c = 0.89,thePDV datashowsactivity athigherfrequencies.It is believedthatthis may

indicatethatthePDV datais noisierthanthehotwire data.

Thestreamwisehot wire correlationcoefficientsareshownin Figures6.21and

6.22.Thesecoefficientswerecalculatedfrom thetime historiesshownin Figures6.17

and6.18usingMATLAB. Thex/c locationsof thesetwo figuresare0.3and0.89,

respectively.Thesignaldiesoutat about0.1secfor bothgraphs,buthigher frequencies

canbeseenat theshoulder.Additionally, thefirst zerocrossingoccursatt _ 0.005secfor

bothof thesefigures.Thismaybeindicativeof the integraltime scaleof theflow.

Figures6.23and6.24arethecorrespondingPDV correlationcoefficientgraphs.The

correlationfor thesetwo graphsdoesnot appearto die out in 0.1secasdoesthehotwire

data,buthigherfrequenciescanstill beseenattheshoulder.Also, while thehotwire and

PDV graphsat x/c= 0.89appearcomparable,thehotwire datashowshigherfrequencies

thanappearin thePDV data.Additionally, thefirst zerocrossingsfor thehot wire and

PDV correlationcoefficientsatx/c = 0.89appearsimilar.Thesewould bedeterminedby

thelower frequencylargeeddies.

Thestreamwisehotwire powerspectraldensitiescomputedfrom thedatain

Figures6.17and6.18areshownin Figures6.25and6.26.At theshoulder,the lowest

frequencieshaveapowerdensityof about25dB, but thisdecaysto about-5 dB at

5000Hz, for adynamicrangeof about30dB. At x/c= 0.89,thepowerdensityagain

startsout atabout25dB, but this time decaysto -13dB at 5000dB, for atotal dynamic

rangeof about38dB. Theserangesarelargerthanthoseobservedin thecorresponding

PDV spectrawhichfollow.
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Figures6.27and6.28showthecorrespondingPDVpowerspectraldensities.For

the PDV measurements at x/c = 0.3, the power density starts out at about 17 dB, and

decays to -3 dB around 1500 Hz, where it remains up through 5000 Hz. The total

dynamic range is about 20 dB. Near the trailing edge, the power density starts at 23 dB,

and again decays to about -3 dB between 1500 Hz and 5000 Hz, for a dynamic range of

about 26 dB. It is important to note that the PDV dynamic range is approximately 10 dB

less than the hot wire dynamic range.

6.2.2 Vertical Velocity Profiles

Starting with Figure 6.29, data is presented for locations at varying distances from

the surface of the airfoil instead of varying locations along the chord of the airfoil.

Generally, the locations which will be analyzed in detail are 1.27 cm (0.5") and 0.508 cm

(0.2") above the shoulder of the airfoil, which correspond to z/c values of 0.0423 and

0.0169, respectively. These data were taken in order to assess PDV accuracy, but also to

determine how close to a "wall" measurements could be made.

Figures 6.29 and 6.30 show PDV streamwise and spanwise velocity at 8 stations

of varying heights above the shoulder of the airfoil, each spaced 0.127 cm (0.05") apart.

The vertical location of these points range from 0.381 cm (0.15") to 1.27 cm (0.5") from

the surface of the airfoil. Also, Figure 6.29 compares the streamwise PDV velocity with

hot wire data taken at the same stations, but at different times. For the PDV data, 8192

points were taken at each station at a sampling rate of 10 kHz. For the hot wire data, 4096

points were taken at 10 kHz.
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In Figure6.29,thehotwire streamwisemeanvelocity datastartsat25m/secat

0.127cm(0.05",z/c= 0.00423)from theairfoil surface,increasesto 26 rn/secat

0.381cm(0.15",z/c= 0.0127),anddecreasesto about21m/secat 1.27cm (0.5",

z/c= 0.0423).ThePDV datafor 0.127cm (0.05")and0.254cm (0.1") wereinaccurate

dueto laserlight scatteredoff thesurfaceof theairfoil interferingwith thedata,andhave

beendeletedfrom thegraph.For theremainingPDV data,themeasuredvelocity startsat

26m/seeat0.381cm (0.15",z/c= 0.0127),anddecreasesto 18rn/secat 1.27cm (0.5",

z/c= 0.0423).Theredoesnotappearto bea strongcorrelationbetweenthehotwire and

PDV data.This couldperhapsbepartiallyexplainedby notbeingsetupat theexactsame

distancefrom theairfoil for both thehotwire andPDV dataacquisition.It is alsopossible

thattheflow is notveryrepeatable,or themeasurementscouldhaveinadvertentlybeen

madetoo closeto theairfoil. Thelargestrangesof velocity variationsappearto be

1m/seefor thehotwire data,and5 m/sec for the PDV data. Figure 6.30 shows the

spanwise PDV velocity. The average velocity for each station is about -3 m/see, instead

of the true value of 0 m/sec, while the largest velocity range between the data runs at a

station is about 5 m/sec.

Figures 6.31 and 6.32 display the measured PDV RMS velocities which

correspond to the PDV mean velocities in Figures 6.29 and 6.30. Again, the PDV data at

0.127cm (0.05") and 0.254 cm (0.1") from the airfoil surface have been deleted due to

inaccuracies caused by reflections off of the airfoil surface. The streamwise hot wire

RMS data ranges from 2 m/see to 3.7 m/see, while the PDV RMS data ranges from

2.3 m/sec to 2.9 m/sec. The largest RMS range of variation is about 0.4 m/sec for the hot

wire data, and 0.6 m/sec for the PDV data. Figure 6.32 shows the corresponding spanwise
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PDVRMS velocityresults.TheseRMSvelocitiesrangefrom 1.7m/secto 2.7m/sec,

while the largestRMS velocityrangebetweenthedatarunsat astationis about

1.1m/sec.ThespanwisePDVRMS dataarereasonablycloseto thecorresponding

streamwisePDV RMS results.

Figures6.33through6.36presentanotherPDV datasetwhichcorrespondsto

Figures6.29through6.32,exceptthatthenumberof datapointsfor eachtime tracewas

4096insteadof 8192.ThestreamwisePDV datain Figure6.33is comparedagainstthe

samehotwire dataasin thepreviousgraphs.ThePDVvelocity goesfrom 26m/secat

z/c= 0.0127to 17rn/secatz/c= 0.423,with amaximumrangeof variationof 6 m/secat

afixed location.For thePDV meanspanwisevelocity in Figure6.34,theaverage

velocityis about-4 m/sec.Also, oneof thedatarunsgaveanaveragemeanspanwise

velocityof approximately-10m/sec.Thiscould indicatea reflectionoff of theairfoil

surfaceatthis station.In Figure6.35,thestreamwisePDV RMS datavariesfrom

2.1m/secto 2.7m/sec,andthelargestrangeof variationis 0.4m/sec.ThePDV datais

consistentwith thehotwire dataup to 0.635cm(0.25",z/c= 0.0212)fromthe surfaceof

theairfoil, but thenthePDV RMS velocityincreasesmoreslowly thanthehot wire data.

At 1.27cm (0.5", z/c= 0.0423),thehotwire RMS velocityis approximately1.1m/sec

greaterthanthePDV RMS velocity.In Figure6.36,thespanwiseRMSvelocity varies

from2.3m/secto 3.6rn/sec.TheseRMSvaluesarelargerthanthecorresponding

streamwisePDV RMSvalues,andmorenearlymatchthehotwire RMS datain

Figure6.35.

Whenthefirst andseconddatasetsarecompared,it canbeseenthatthereis little

differencebetweenthemeanstreamwisevelocitiesfor thetwo dataruns.Likewise,the
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meanspanwisevelocitiesarealsovery similar,with theexceptionof asingledatarun in

theseconddataset.Thereappearsto be lessstreamwiseandspanwiseRMS velocity

variationateachdatapoint in theseconddataset,andthefirst setof spanwiseRMS

velocitiesarealsolower thanthesecondsetby about0.75m/sec.

Figures6.37and6.38presentexamplesof hotwire timehistoriesattheshoulder

of theairfoil. Figure6.37wastakenat 1.27cm (0.5") from thesurfaceof theairfoil

(z/c= 0.0423),while Figure6.38wastakenat0.508cm (0.2") from thesurfaceof the

airfoil (z/c= 0.0169).Thedatawastakenin blocksof 1024pointsata samplingrateof

10kHz. Themeasuredaveragestreamwisevelocity at 1.27cm (0.5") wasapproximately

18m/sec,while at0.508cm (0.2") it wasapproximately22m/sec.

Figures6.39and6.40arethecorrespondingPDV datato Figures6.37and6.38.

Thisdatawastakenin blocksof 4096pointsat asamplingrateof 10kHz. Only thefirst

tenthof asecondof datais displayedsothatthesegraphscanbebettercomparedagainst

thehotwire data.Theaveragestreamwisevelocity at 1.27cm (0.5") wasapproximately

18m/sec,whileat 0.508cm (0.2") it wasapproximately23m/sec.ThePDV andhotwire

velocitiesateachlocationappearalmostthesame.Additionally, nearthe airfoil surface,

thefluctuationlevelsarereduced.However,thePDV timehistoriesagainappearto have

morehigh frequencyfluctuationsthanthecorrespondinghotwire timehistories.

Thestreamwisehotwire correlationcoefficientsareshownin Figures6.41and

6.42.Thesecoefficientswerecalculatedfrom thetimehistoriesshownin Figures6.37

and6.38usingMATLAB. Again, thedatawastakenat 1.27cm (0.5", z/c= 0.0423)and

0.508cm(0.2", z/c= 0.0169)from theshoulderof theairfoil. Thecorrelationdiesout at

about0.1secfor bothgraphs,andhigherfrequencies(shortertimes)canbeseenat
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1.27cm (0.5"). Additionally, thefirst zerocrossingoccursatt ---0.004 sec for

Figure 6.41, and t -_-0.001 for Figure 6.42, again indicating higher frequency fluctuations

at z = 1.27 cm (0.5"). Figures 6.43 and 6.44 are the corresponding PDV correlation

coefficient graphs. The correlation for these two graphs does not appear to die down like

the hot wire data within 0.1 sec. The first zero crossing occurs at t -_-0.001 sec for both

graphs, again indicating that the low frequency response of the PDV system is similar to

that of the hot wire system. Also, the hot wire graphs show higher frequencies in the data

than appear in the PDV data.

The streamwise hot wire power spectral densities are shown in Figures 6.45 and

6.46. At z = 1.27 cm (0.5", z/c = 0.0423), the lowest frequencies have a power spectral

density of about 20 dB, and this decays to about -5 dB by 5000 Hz, for a dynamic range

of 25 dB. At z = 0.508 cm (0.2", z/c = 0.0169), the power spectral density starts out

around 10 dB, and decays to -15 dB at 5000 Hz, for a dynamic range of 25 dB. By

moving 0.762 cm (0.3") closer to the airfoil, a decrease of 10 dB appears in the power

spectra. In figure 6.46, a spike in the power spectrum can be seen at about 300 Hz. This is

believed to be a manifestation of nearly periodic disturbances in the boundary layer of the

airfoil.

Figures 6.47 and 6.48 show the corresponding PDV power spectral densities. For

the measurements at z = 1.27 cm (0.5", z/c = 0.0423), the power spectral density starts

out at approximately 14 dB, and decays to -2 dB by 5000 Hz, for a dynamic range of

16 dB. At z = 0.508 cm (0.2", z/c = 0.0169), the power spectral density starts at 15 dB,

and decays to -3 dB between 1500 Hz and 5000 Hz, for a dynamic range of 18 dB. As

with the hot wire data, a spike appears around 300 Hz in figure 6.48. which corresponds
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to thedip in thePDV correlationcoefficientin Figure6.42at approximately0.003sec.

Again,this isbelievedto beamanifestationof periodicflow phenomenain theboundary

layerof theairfoil.

6.3ErrorAnalysisfor Cell StemTemperatureDrift

Themain sourceof errorin thecurrentexperimentshasrecentlybeenfoundto be

dueto thetemperaturedrift of theiodinecells.This temperaturedrift changestheamount

of iodinevaporin thecell,which in turnchangesthecell calibrations.Thiswas

determinedby runningthetheoreticaliodineabsorptioncodeby Forkey(Forkey,1995.)

Becausethestemtemperatureof theiodinecellswascontrolledto within +0.1 °C (one

standard deviation), the theory code was run twice, only varying the stem temperature by

0.1 °C. The frequency for each of the resulting curves was then recorded at an absorption

ratio of 0.5, and a frequency offset of approximately 1.52 MHz was found. There are two

iodine cells involved in any velocity measurement, the one in the sensing component and

the one in the laser frequency monitoring system. If one would increase by 0.1 °C, while

the other decreased by 0.1 °C, this would cause a difference of 0.2 °C, or two standard

deviations. Also, in order to cover 95% of the possibilities, two standard deviations

should be used. In all, calculations should be done assuming four standard deviations.

With this in mind, the frequency offset increases to 6.08 MHz. When this number is

divided by the sensitivities of the two sensing components for the current work, velocity

offsets of 1.60 m/sec for forward scatter and 6.94 m/sec for back scatter are calculated.

These velocity offset estimates are the same order of magnitude as the observed mean

velocity errors in the current work.
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6.4PolarizingFilm Results

In anattemptto improvetheresultsobtainedfrom thePDV system,polarizing

film wasplacedwherethescatteredlight enterstheenclosurefor eachchannel.The

purposeof thepolarizingfilm wasto filter out thedepolarizedscatteredlight, andonly

passscatteredlight which wasstill in theoriginalverticallypolarizedorientation.This

wasdonebecausethebeamsplittersweresomewhatsensitiveto polarization,andalso

becausetheintensityof thescatteredlight wassensitiveto particlesizeandpolarization

(Meyers,PC 1998).If all the light strikingthebeamsplitterhasonly onepolarization,

thanthepercentreflectedandpercenttransmittedwouldalwaysbea constant.

Figures6.49and6.50arethemeasuredPDV meanstreamwiseandspanwise

velocitieswith polarizingfilm in placefor bothchannels.For this data,4096pointswere

takenateachlocationata samplingrateof 10kHz. Eachlocationwasspaced2.54cm

(1") apartfrom thenext,andcoveredadistancebetweenx/c of 0.130and0.977.The

PDVmeasurementvolumewasagainpositioned1.27cm(0.5") abovethesurfaceof the

airfoil shoulder.Thestreamwisemeanvelocity in Figure6.49startsatapproximately

15m/secnearthe leadingedgeof theairfoil, increasesto 17m/seeatthe shoulder,and

decreasesto approximately9 m/seenearthetrailingedge.Figure6.50showsthe

measuredPDV spanwisemeanvelocity,which appearsto average0 m/seeoverthe

lengthof theairfoil, with atotal rangeof variationof 4 to 8m/secat agivenstreamwise

location.WhenFigure6.49is comparedwith thePDV meanstreamwisevelocity datain

Figures6.9and6.13,it canbeseenthatthedatahassimilarprofile shapes,aswell as

similarvariability at a givenx/c.ThesameconclusionscanbedrawnwhenFigure6.50is
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comparedto Figures 6.10 and 6.14. However, in Figure 6.49, the streamwise velocity

data is decreased by 2-3 m/sec from Figure 6.9, and increased by 1 m/sec from

Figure 6.13. The spanwise velocity is approximately the same for Figures 6.10, 6.14, and

6.50, at 0 or 1 m/sec. In contrast, the largest velocity variation range for Figure 6.50 is

about 8 m/sec, larger than the 4.5 m/sec in Figure 6.10, or the 7 m/see in Figure 6.14.

Figures 6.51 and 6.52 are the corresponding PDV RMS velocities for the data

presented in Figures 6.49 and 6.50. The streamwise RMS in Figure 6.51 starts at 2.1

m/sec near the leading edge, and increases to 3.3 m/sec near the trailing edge. The

spanwise RMS in Figure 6.52 begins at 2.7 m/sec near the leading edge, and increases to

4.4 m/sec near the trailing edge. The maximum range of variation is 1.2 m/sec at a given

streamwise location. When Figure 6.51 is compared with the PDV RMS streamwise

velocity data in Figures 6.11 and 6.15, or Figure 6.52 is compared with the PDV RMS

spanwise velocity data in Figures 6.12 and 6.16, it can be seen that the data has similar

profile shapes. Figures 6.11 and 6.51 have similar variability (1 m/sec) at a given x/c, but

Figure 6.15 has a much smaller variability (0.3 m/sec). Also, the RMS variability for the

polarizing film (Figure 6.52) is approximately 1.6 m/sec, which is larger than

Figures 6.12 and 6.16, whose variability is approximately 0.5 m/sec.

Based on these initial results, it is not clear that the polarizing film improved the

accuracy of the data. This may be because the polarizing film attenuates the scattered

light by approximately 50%, which reduces the signal to noise ratio of the data.
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Chapter 7: Conclusions and Recommendations

A two component Point Doppler Velocimetry (PDV) system has been developed

and tested. Techniques for aligning the optical components and acquiring data were

developed and refined. This work built on previous work and experience with an earlier

PDV system, as well as a Doppler Global Velocimetry (DGV) system. The greatest

increases in knowledge came in the areas of experimental techniques, types of

measurements that can be made over an airfoil, and how closely to the airfoil surface

these measurements can be made with the present configuration.

To begin, the software that was developed for the previous PDV system was

modified to correct errors in the previous version, as well as improve usability.

Specialized Excel macros were also written to reduce or eliminate user error in the data

reduction process, as well as increase the speed of data reduction approximately five-fold.

Many variables in the setup of the PDV system, as well as data acquisition

techniques, were investigated in an attempt to improve the quality of the data. Focusing

the laser beam down to a smaller diameter introduced many difficulties into the data

measurements, either due to laser speckle or nonuniform seeding of the flow, and did not

appear to solve any major accuracy issues.

The size of the pinholes in the sensing components had a major effect on the

quality of the PDV data. If the pinholes were too small, the signal to noise ratio was

small, and it was difficult to focus both components on the same point in the flow. In

contrast, if the pinholes were too large, any details of the flow were averaged out because

of the larger sensing area. A moderately sized pinhole on the order of 1 to 2 mm provided

the best data.
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Smokecoflow wasalsousedat theexit of therectangularchannelin orderto seed

theupperandlowershearlayersof theflow andimprovetheaccuracyof thePDV

measurementsattheedgesof theflow. Theseedingof this coflow couldnotbecontrolled

to asufficientdegreeof accuracy,andwasthusdiscontinuedin thecurrentresearch.

A major sourceof errorin earlymeasurementwith theNACA 0012airfoil was

laserlight reflectionsfrom theairfoil supportframe,aswell astheairfoil surfaceitself.

Boththeairfoil andtheframewerepaintedflat black,whichgreatlyimprovedthequality

of thedata.However,reflectionsfrom theairfoil werestill themajor limiting factorin

determininghowcloseto thesurfaceof theairfoil surfacemeasurementscouldbemade.

Theclosestmeasurementsthatcouldbemadewereat adistanceon theorderof 0.508cm

(0.2", z/c= 0.0169)from theairfoil.

WhenthePDV andhotwire datawerecompared,thetime tracesfor each

appearedsimilar.Themeanvelocitiesagreedto about+2 m/see, while the RMS

velocities agreed to +0.4 m/sec. While the PDV time autocorrelations agreed with those

of the hot wire, the PDV power spectral densities were noisier above approximately

750 Hz.

The major source of error in these experiments was the random drifting of the

iodine cell stem temperatures. While the stem temperature was controlled to an RMS of

+0.1 °C, this could lead to a frequency shift of as much as 6 MHz, which translates into

an error of 1.6 m/see for the back scatter channel, and up to 6.9 m/sec for the forward

scatter channel. These velocity error estimates are the same order of magnitude as the

observed mean velocity errors in the current work.
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Therearestill manymodificationsthatcouldbemadeto thecurrentsetupin order

to improvethedata.Oneof thesewouldbe theuseof vapor-limitediodinecells.Since

theamountof iodinevaporin thecell wouldbea constant,moreconsistentcalibration

curvescouldbeproduced,andthesecalibrationsshouldnot varyversustime.It is

expectedthatthis shouldlargelyeliminatethemeanvelocity errors.Anothermodification

wouldbe to useanon-polarizingbeamsplitterandpolarizingfilm. While initial

experimentswereconductedusingpolarizingfilm with somewhatpromisingresults,a

morethoroughanalysisstill needsto beperformed.Also, if testingwereperformedin a

flow with agreatermeanvelocity, it couldconfirm thatthezeroandsensitivityerrorsare

notdependenton themeanvelocity range.

Anotherimprovementwouldbeto purchasenewphotodetectorsthat,when

comparedto thecurrentphotodetectors,wouldbe lessnoisy,morestable,andmore

sensitive.Also, moreeffortscouldbemadeto reducetheprobevolumesizewhile still

beingableto acquireaccuratedata.Thisapproachmight requireamorepowerful laser.

It would alsobeworthwhileto acquirehotwire andPDV datasimultaneously.

Whileboth typesof dataacquisitioncouldnotoccuratthesamepoint in theflow, they

couldbemadecloseenoughto eachotherto allowacomparisonof meanvelocities,as

well asturbulenceandeddycharacteristics.However,thesmokelevelsin theflow would

haveto bereducedfrom their currentlevelsin orderto preventdamageto thehotwire

probe.Sincereducingthesmokelevelwouldalsoreducethesignalstrength,more

sensitivephotodetectorswouldberequired,asmentionedabove.

Longerdatarecordscouldalsobeusedto improvetheaccuracyof the

measurementsby averagingoutany fluctuations,suchasthosedueto thesmokelevel.
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Thiswouldalsohavetheeffectof producingsmootherpowerspectraldensitiesandtime

autocorrelations.This could not be performed with the current experimental

configuration for various reasons, the main one being the temperature drit_ of the iodine

cells.

Another intriguing possibility would be to develop a multi-point Doppler

velocimeter. This would enable the calculation of both time and spatial correlations, since

several simultaneous time records of velocity could be made.
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Figure 6.28. Streamwise PDV power spectral density, x/c = 0.89, z = 1.27 cm (0.5").
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6 repeat PDV runs, closed symbols - 6 repeat hot wire runs).
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6 repeat PDV runs, closed symbols - 6 repeat hot wire runs).
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Figure 6.36. PDV spanwise RMS velocity (6 repeat PDV runs).
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Figure 6.37. Streamwise hot wire time history, x/c = 0.30, z = 1.27 cm (0.5").
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Figure 6.38. Streamwise hot wire time history, x/c = 0.30, z = 0.508 cm (0.2").
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Figure 6.39. Streamwise PDV time history, x/c = 0.30, z = 1.27 cm (0.5").
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Figure 6.40. Streamwise PDV time history, x/c = 0.30, z = 0.508 cm (0.2").
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Figure 6.41. Streamwise hot wire correlation coefficient, x/c = 0.30, z = 1.27 cm (0.5").
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Figure 6.42. Streamwise hot wire correlation coefficient, x/c = 0.30, z = 0.508 cm (0.2").
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Figure 6.43. Streamwise PDV correlation coefficient, x/c = 0.30, z = 1.27 cm (0.5").
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Figure 6.45. Streamwise hot wire power spectral density, x/c = 0.30, z = 1.27 cm (0.5").
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Figure 6.46. Streamwise hot wire power spectral density, x/c = 0.30, z = 0.508 cm (0.2").
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Figure 6.47. Streamwise PDV power spectral density, x/c = 0.30, z = 1.27 cm (0.5").
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Figure 6.48. Streamwise PDV power spectral density, x/c = 0.30, z = 0.508 cm (0.2").
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